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Abstract  
The main goal of this thesis document is to facilitate the investigation of cooling water usage in 
Instrument and Control Facility laboratory. This thesis report illustrates the main idea on how the 
investigation of cooling water usage was conducted.  
The problem arising from the Instrument Control Engineering, ICE lab is pointed out in this study, and it 
is expected that this study could solve the problem, hence benefit the School of Engineering and Energy. 
In this document the usage of cooling water will be investigated and examined as possible cold water is 
supplied to the testing equipment such as the heat exchanger. In this thesis, the control methodology 
that was applied to investigate the best solution to control the process was described and new 
arrangement to setup the stand-alone refrigerator in ICE lab was conducted and outlined in this report. 
The tasks on this thesis has been sorted out and divided into seven sections to ensure that it flows 
accordingly towards favourable outcome.  
This thesis objective is broken down into three categories, which are Instrument investigation, 
commissioning the cold water from refrigerator with target operating temperature at ≈15⁰C ± 2⁰C, and 
development and implementation of control loop. In instrument investigation phase, the literature 
review on most of the equipment has been conducted. The focus was more on operating the 
refrigerator to produce cold water to the process investigation unit. Following the second phase, the 
aim was to conduct and design the layout of the process structure. Starting from the hardware 
arrangement followed by the software development. The last objective is implementation and 
commissioning the process investigation upon the testing module instrument. Despite that, the 
designing and tuning controller of the process was discussed in this final objective. Hence, the result or 
response from the process variable has been analysed and compared for the best performance criteria. 
The further direction of this thesis was explained at the end of the document. The new program of the 
controller has been developed using Laboratory Virtual Instrumentation Engineering Workbench, 
LabView programming. The outcome from the control programming shows that the offset occurred and 
this program requires further modification in order to ensure that the program is more reliable and 
useful to apply the advanced control scheme. Overall, this thesis objective was achieved, whereby the 
new cooling usage could be used with limitation cold water supply. Thus, it will open a future work to be 
done on the hardware setup to supply completed cooling water usage in the Instrument and Control 
Facility laboratory.  
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Abbreviation  
This document uses abbreviation and terms that are always being used by students majoring in 
Instrument Control Engineering. To let the reader to easily understand the meaning of these words, the 
abbreviations are listed down with their related phrase. 
SCADA – Supervisory Control and Data Acquisition 
ICE – Instrument Control Engineering 
LV – LabVIEW(Laboratory Virtual Instrumentation Engineering Workbench) 
SP – Set Point 
MV – Manipulate Variable 
PV – Process Variable 
PID – Proportional, Integral, Derivative controller 
FCV – Flow Control Valve 
RTD – Resistance Temperature Detector  
I/O – Input/Output 
mA – milli Ampere 
AO – Analog Output 
AI – Analog Input 
𝐾𝑐 – Proportional Gain 
𝜏𝑖 – Integral Time/Reset Time 
GMC – Generic Model Control 
IMC – Internal Model Control 
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1 Introduction  
The first section of this document gives discussion on the purpose and objective of this thesis. The 
purpose of this report is to inform the outline and to document all the project details since its 
commencement. The history and background information of this thesis will be explained as well in order 
to develop an understanding on this thesis. The review of the whole project is expressed in document 
overview later. 
 
In the Instrument Control Engineering ICE lab, the water and air supply had been used broadly to 
simulate a particular process. A regular cold water supply is used in the cooling part of certain system 
and its temperature could not be adjusted, monitored, or regulated by students to develop a 
corresponding system. In order to maximise the use of the heat exchanger, mixer, or any other system 
that uses cooling water, this thesis is focused on investigating the cooling water supply system by 
monitoring the temperature of the cold water and controlling the flow rate of cold water supply, as well 
as regulating the temperature by using the stand-alone refrigerator.  
 
1.1 Project Background 
The School of Engineering and Technology in Murdoch University offers a major in Instrumentation and 
Control Engineering. Students who are enrolled in this major have an opportunity to learn based on not 
only the theory part, but also the practical study using lab scale instruments provided. This facility is 
available in Instrumentation and Control Facility laboratory and this lab is used by most of second and 
third year students. Students are able to develop skill and knowledge in using the Supervisory Control 
and Data Acquisition, SCADA, Programmable Logic Controller, PLC and Process Control System. The 
growing number of students enrolled in this major tends to accentuate the development in 
Instrumentation and Control Facility laboratory to add a new system to be studied.  
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The Instrument Control Engineering, ICE lab is used by most of the second and third year students in the 
School of Engineering and Information Technology in pursuing their Instrument and Control Engineering 
unit. The purpose of the lab is to demonstrate the practical learning from the numerous process and 
control methodologies. Understanding the application and concept of various control methodologies 
provides hands on experience to the students. One of the units in the third year program requires 
students to construct and understand the dynamic behaviour of linear low and high order system. The 
facilities in the ICE lab enable the ENG304 unit - Process Control Engineering 1 to be developed and 
discussed.  
 
The Instrumentation and Control Facility was developed in 1998 by the collaboration between Murdoch 
University with Creative Idea and Engineering Solutions [1]. The process components and instruments 
were built in modular form design to meet the need of mix and match by users to construct a particular 
process that suited the concept studied. The modules are made from robust materials, which include 
tanks, pump, reservoirs, heat exchangers, and heater. The modules could be connected to a control 
panel and the software program to monitor and control purposes.  
 
1.2 Project Scope  
Since the project started, the flow and planning were coming ahead to ensure a smooth flow of the 
tasks and jobs. Firstly, the test will be run manually using the Lab View without implementation of any 
control strategy. In this study, the effect of flow rate, inlet water temperature, and the disturbance at 
the heat exchanger are discussed and explained. These elements have to be controlled to get the 
desired product at the heat exchanger outlet using the program structure in Lab View. Control 
methodologies like PI and cascade were used to create a controllable system for the cooling water loop. 
The feed fluid will be prepared by using the hot water at the bench in ICE lab and also from the steam 
heating, if available. 
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The earlier stage for the project covers the preparation of a project plan including a search for any ideas 
on how to carry out the study. The tasks carried out in this stage include literature review, equipment 
testing, and becoming familiar with the relevant software tools. It was planned to take 3 weeks from the 
time of the project commencement. However, the literature review will continue throughout the study. 
Any failures or difficulties that arise may require additional searches through the literature reviews in 
order to find solutions to any problems. 
There are no expected costs to build up this project since the equipment are available and can be used 
for students to setup and analyse. This opportunity leads the project to run towards the end with a good 
source to complete the thesis unit. 
 
1.3 Project Objective 
Practically, the heat exchanger in the ICE lab was used to demonstrate the concept of heat transfer. This 
refrigeration setup will be connected to the control elements, feed water control valve in the ICE lab. 
The heat exchanger will be used as the test equipment on the cold water supply. Using the tubular heat 
exchanger provided in the ICE lab, temperature measurement can be monitored at the end of the flow 
outlet. The main aim of this project is to investigate, test, and control the cooling water system using the 
stand-alone refrigerator system. 
 
The project objective is divided into three main categories. These are the steps taken in ensuring a 
smooth flow of the project throughout the semester: 
 To investigate the working operation on the stand-alone refrigeration system. 
 To commission the cold water supply by using stand-alone refrigerator 
 To design control methodologies on cold water loop using Lab View program. 
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1.3.1 Investigate the Associated Equipment 
This investigation uses different instruments to measure, control, and supply the water source. The 
instruments include refrigerator, pump, reservoir tank, flow control valve, heat exchanger, temperature 
sensor, and flow meter.  These instruments need to be checked and run at its operating condition in 
order to run this thesis work accordingly. Elements that include in this investigation such as the flow 
control valve opening, temperature sensor, and refrigerator itself were undergone a test to get the 
optimum result.  
 
1.3.2 Commissioning the Cold Water System 
The purpose of this project is to maximise the use of stand-alone refrigerator to cool the water supply 
externally with the targeting operating temperature at ≈15⁰C ± 2⁰C. This objective aim is to ensure that 
the refrigerator is working through out all the testing and control loop process. It is important to ensure 
the refrigerator is working as expected since the particular element such as the refrigerant liquid in 
refrigerator failed to work at its best; but it still has to be replaced using the normal cold tap water. 
However it is part of the thesis work and it will not be documented. The refrigerator is used to 
investigate the coolest cold water supply that could be produced and controlled so that it will benefit 
ICE lab users. 
 
1.3.3 Development and Implementation of Control Loops  
The development and implementation of control loop is the final objective in this thesis, whereby it is to 
run and test the cooling water effect to the hot water stream. The output of hot water stream will be 
the product in the design where it could be controlled to decrease its temperature to the desired SP. 
Using the Laboratory Virtual Instrumentation Engineering Workbench, LabView program and data 
acquisition hardware, the real time data from the temperature sensor and control unit will be 
monitored and stored [2]. These data will be used to investigate and design two control methodologies, 
which are PI and Cascade Controller.  
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1.4 Thesis Overview 
The first section had been discussed and the remaining six sections in this thesis documentation will be 
explained more in the coming sections. The thesis is briefly broken down into seven sections and the 
following are the outline of overall thesis: 
Section Two: Discuss the instrumentation and facility provided in the ICE lab. 
Section Three: Provide the structure on how this thesis undergo the test of the equipment,  
              software program development and hardware functionality check. 
Section Four: Reports on the implementation of the control loop using the LV program 
Section Five: Discuss on the result of the process by comparing the two control methodologies. 
Section Six: Document the possible work that can be done by new students to continue research on the 
supplying stand-alone cooling water supply. 
Section Seven: Reports on the achievement of this thesis and describe the difficulties appeared 
throughout the period. 
 
 
2 Overview of Experimental Equipment  
In this section, the first objective will be covered and explained. The equipment available in the ICE lab 
will be introduced and the functionality of each instrument will be documented. The theory associated 
to the process of this investigation is explained on the following subsection. 
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2.1 Experiment Description 
During this thesis, the new setup for supplying cold water will be developed and can be beneficial to the 
student to simulate the temperature behaviour in particular process. Using the modular form available, 
the process to investigate and control the water could be built in ICE lab and the flow diagram is shown 












Output as a 
Product
Raw Water Supply from 
Bay
 
Figure 1: Process Flow Diagram 
The process in Figure 1 is the test that will be used in this thesis for investigating and testing the cooling 
water usage in the ICE lab. Using the modular form available in the lab, the process could be rearranged 
to meet the process as in Figure 1. The raw water supply from the bay will be used to fill up the cold 
water reservoir tank and the stand-alone refrigerator will cool down the cold water in the reservoir.  
 
The cold water will be pumped out to the heat exchanger as a test unit to monitor the flow rate of the 
cold water. On the other hand, the hot water reservoir tank uses the built in heater to heat up the 
water. This hot water is the product line to be cooled down by using the heat exchanger and cold water 
supply from the refrigerator. The temperature sensors at the heat exchanger are the elements that will 
be used to monitor and control the whole process. 
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The stand-alone refrigerator has never been used in the ICE lab and the research on the operation of 
this instrument is needed in this thesis. The operating and configuration setup to connect the 
refrigerator in a process flow will determine how effective the water could be cooled down and to 
enhance the optimum performance from the refrigerator. The refrigerator itself has the heat exchanger 
built in hence the temperature control in that particular heat needs to be maintained so that it can be 
the best cooling medium to the reservoir tank. 
 
2.2 The Facility 
The facilities in the laboratory provides working bay that has the water inlet supply, air supply and 
control panel connection to connect the LV software to the instruments and sensors. This thesis covers 
several main instruments used for the investigation and here are the facilities that are available in the 
ICE lab that are used in this thesis; 
 
2.2.1 Heat Exchanger 
Heat exchanger is a concept to transform heat (hot) from a liquid to pass to a second phase of heat 
(cold) without mixing any other liquid directly in contact [3]. Heat exchanger is a device used to transfer 
heat between two or more fluid streams at different temperatures.  Heat exchangers are used 
extensively in power generation, chemical processing, electronics cooling, air-conditioning, refrigeration, 
and automotive applications. Cooling fluid is the main source used to transfer the heat in the heat 
exchanger. The flowrate and temperature of the cold stream affect the outlet temperature of the hot 
stream. In this thesis the type of heat exchanger used is tubular heat exchanger (two pass tube-sides) as 
seen in Figure 2. Tubular type can handle low heat transfer area, which is perfect for this project where 
the targeting temperature to be deal with is lower than 70 degree Celsius. The construction itself uses 
parallel tube inside cylindrical shell create more heat transfer because there is no restriction between 
each tube. 
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Figure 2: Straight - Tube Heat Exchanger 
 
2.2.2 Stand-alone Refrigerator 
Refrigerator is the main instrument in this investigation project. This refrigerator as shown in the Figure 
3 has a built-in PID controller, which produces full electronic control to the tubular heat exchanger in the 
refrigerator to control the temperature in the water bath [4]. This controller will ensure the water bath 
inside the refrigerator remains at the same temperature set point. This cold fluid in the water bath will 
be circulated through the copper cooling coil to the reservoir tank to cool the cold water tank.  
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Figure 3: Stand-alone Refrigerator 
The refrigerator uses PT100 Resistance Thermometer Detector to measure the bath temperature. The 
front view of the unit as shown in Figure 3 has the set point turning knob for the PID controller to 
maintain the desired temperature. The green light switch is the main switch to operate the unit. The 
refrigerator was tested by running the water inside the bath and the temperature was set to the lowest 
degree Celsius, at 4 degree Celsius. This is to ensure that the built in PID controller is works as it should 
do. 
 
The refrigerator provided in this project is an old model from Lauda, Germany. The type of the model is 
RC3S and tests had been done to check the refrigerator functionality. Initial testing of the refrigerator is 
to check whether the built-in controller can cool down the temperature inside the water bath. The 
refrigerator water bath was filled up with cold water and run at temperature set point 6 degree Celsius. 
The test was run for two hours to wait for the water to be cooled and it was found out that the working 
temperature for this temperature could be operated between 10 to 20 degree Celsius however, the 
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specification on the manual it can working from -25 up to 99 degree Celsius. The capacity of the cooling 
water bath is 3 to 4 litre only hence; only small water usage could be used for the cooling purpose. The 
temperature was checked using a thermocouple and the result for the temperature was at 8 degree 
Celsius.  
 
2.2.3 Flow Control Valve  
Control valves are valves used to control a state or operating condition such as flow, pressure, 
temperature, and liquid level by fully or partially opening or closing in response to signals received from 
the controllers. It will compare a required set-point towards a process variable, which the value is 
provided by sensors that monitor changes in certain conditions [5]. 
 
A Flow Control Valve, FCV is one of the most important equipment used in this investigation. There are 
two types valves in the same model with the flow meter attached at the panel and one valve that only 
has the control valve element as shown in Figure 4. These valves were compared to find the optimum 
performance and the relation of both cold and hot water flow rate to the temperature effect at the heat 
exchanger.  
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Figure 4: Flow Control Valves in the ICE Lab 
 
2.2.4 Temperature Sensor 
The temperature sensors used in this project as shown in Figure 5 are the main part used to measure 
the temperature of hot and cold water streams. The type used in the ICE lab is Resistance Temperature 
Detector, RTD whereby the precision is suited to this kind of test. The sensors were tested and 
compared with thermometer as the reference point to ensure the readings are tallied and correct. The 
concept behind the RTD, relationship between the electrical resistance change and surrounding 
temperature make the process temperature predictable. By supplying constant current to the RTD the 
voltage drop across the resistor will be measured and the RTD resistance could be calculated to 
determine the process temperature [7]. 
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Figure 5: Temperature Sensors Available in ICE Lab 
 
2.2.5 Other Equipment 
The working bay in the ICE lab also provides cold and hot water supply that can be used in the reservoir 
tank as shown in Figure 6. One of the reservoirs that have the built-in heater element is used to heat the 
water. This hot water will be used as hot stream and the objective is to cool down the outlet 
temperature by using the cold water from the refrigerator stand-alone system. The instrument air is also 
located at the same bay with the water supply. This air connection is needed for the FCV to regulate the 
valve opening. 
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Figure 6: Pump and Water Reservoir Tank 
 
 
3 Overview of Experimental Layout 
In this section, the second objective will be covered and explained. Commissioning of cold water was 
broken into two parts, namely setting up the hardware, and designation of the program to test, 
monitor, and stored the data in LV program. The decision of the process arrangement and the function 
of the LV program will be discussed more in this section. 
 
3.1 Process Hardware Setup and Testing 
The design of the test follows the layout of flow diagram as shown in Figure 7. This arrangement has 
been decided based on the best performance that could be achieved by the control loop and equipment 
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in the lab. The goal is to cool the hot water flowing in the heat exchanger using the cold water supply 
connected to the stand-alone refrigerator. Hence, the cold water should be flown into the heat 
exchanger without facing any other restriction to make it a failed operation.  
 
As can be seen in the flow diagram of the investigation in Figure 7, the cold water inside the reservoir 
tank will be pumped out to the flow control valve. Flow control valve with flow meter attached is used 
to control and monitor the cold water inlet flow rate. This flow rate will next be used in control loop to 
manipulate the temperature at the heat exchanger. Another set of reservoir tank with pump attached 
and fluid control valve with flow meter attached are implemented on hot water stream. However, the 
valve opening will be fixed for the hot water stream, as the hot stream is required to flow in the heat 
exchanger constantly. The outlet of the hot water stream will be the targeting point to be controlled and 
monitored. The outlets for hot water stream will be recycled back to hot water reservoir tank. 















V-1 Cold Water Valve
V-2 Hot Water Valve
E-2 Cold Water Pump
E-4 Hot Water Pump
I-1 Temperature Controller
I-2 Cold water flowmeter
I-3 Hot water flowmeter
I-4 Temperature Sensor
E-7 Stand-alone refrigerator
E-1 Cold water reservoir
E-5 Hot water reservoir
Instruments List
Cold water stream will 
be controlled by the 
labview and the 
continuous water source 
will be supplied from the 
bench.
Hot water stream supplied by 
the hot water reservoir and 
heating element is using the 
heater in the reservoir tank. Hot water stream 70-80 
degree Celsius
This the critical point to control the 
hot output stream by manipulating 
the inlet of cold water valve





Figure 7: Process of Testing Cooling Water Usage Flow Diagram 
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Figure 8: Refrigerator Spot Positioned 
 
The stand-alone refrigerator was attached to the system separately. The support for the refrigerator 
was not hanged to the rack of the bay like the other module. The refrigerator was positioned on the 
trolley as shown in Figure 8, so that it can be moved easily once the test is finished. The refrigerator has 
an expansion line from the inside of the water bath. From this expansion line, the copper tube was 
connected to the clear hose pipe to the expansion valve attached at the back of the refrigerator as 
shown in Figure 9. This copper tube was sunk in the cold water reservoir tank as a cooling medium and 
this cold water will be the main supply to the heat exchanger.  
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Figure 9: Copper tube Connection 
Water usage in this investigation was used wisely whereby the water was not drained away to waste. 
The purpose is not only to save water but also to level the water inside each tank. When the first 
experiment was carried out, the water was drained out, resulting with not enough water covered in the 
tank. This may give a bad result to the water pump since it cannot be operated without any load applied 
into the pump input. However, the cold water stream needs to use new water because it could not be 
recycled from its output since the temperature difference occurred. The cold water supply is very critical 
as it is one of the mediums to cool down the hot water temperature. 
 
The float water inside the reservoir was adjusted to compensate the level inside the reservoir tank. 
Water supply from the bay was also used and connected to the float water of the reservoir to ensure 
there was enough water to flow in the heat exchanger. As the refrigerator capacity was not enough to 
cool down the water, the level was maintained in the tank where it was just enough to cover the 
extension copper tubing that is connected from the refrigerator. 
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Initially, all of the tests were conducted manually using the LV program without implementation of any 
control methodology yet. In this study, the effect of flow rate, inlet water temperature, and the 
disturbance at the heat exchanger will be calculated and analysed. These elements have to be controlled 
to get the desired product at the heat exchanger outlet using the program structure in LV. The feed fluid 
will be prepared by using the hot water at the bay in ICE lab. 
 
During the beginning of this thesis, the task was broken down into three parts, which are functionality 
test, calibration of instruments, and designing a method to control the system. All equipments and 
instruments were undergone functionality testing to ensure the equipment and instruments are working 
accordingly. The tests were done in the first place by checking the wiring connection, air to instruments 
connection, and stroke valve opening.  
 
3.1.1 Experimental Design, Setup and Testing 
The first issue arose for creating the process for heat change is the individual water stream temperature. 
In tubular heat exchanger, the fluid can pass in the same direction called parallel or concurrent water 
flow, while in opposite water flow direction is referred as counter current flow as shown in Figure 10. 
These two different types of water flow do affect the heat transfer between four temperatures which 
are cold in, cold out, hot in, and hot out. The test to see these two different water flows was done by 
flowing in both hot and cold water to the heat exchanger stream. Both water streams were flown in at 
constant flow rate where the valve was opened at 20% each.  
19 | P a g e  
 
 
Figure 10: Current Flow Arrangement [11] 
 
The arrangement of the water inlet and outlet is important to be clarified. It is because different 
arrangement will let the water pass through the heat exchanger in two directions as mentioned earlier, 
concurrent and counter current water flow. For an example, in the table 1, the arrangement number 1 is 
the counter current water flow where the inlet for both water stream, hot and cold were entered at the 
opposite direction. On the other hand, arrangement number 5 is the example of parallel or concurrent 
connection where the inlet for hot and cold water, were entered at the same direction. This 
arrangement were conducted to find the heat transferred in the heat exchanger by recording all the 
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Table 1: Arrangement setup to tes the current flow 




















































The process of heat exchange is critical whereby the absolute cold water and high temperature of hot 
water should be produced in the first place. These criteria will give a good analysis on the difference in 
water temperature change. The two different water temperatures will be put in the heat exchanger to 
see the temperature difference of each stream. The output stream should be considered to recycle it 
back to the reservoir tank. However, the temperature difference after heat loss from each stream will 
affect the water temperature inside the reservoir. The FCV also affects the temperature because at 
different stroke opening, it gives different flow rate. 
 
The FCV were tested and checked to see their response on how the water is flowing through the stream. 
The valve was connected to the pump and to the heat exchanger. The wiring connection was connected 
to the electrical bench and controlled via LV program. The stroke test was done to see the stroke of the 
control valve opening. The valve positioned was done rising from 0% to 100% and then falling to 0% to 
monitor for any hysteresis appeared.  
 
By conducting the valve stroke, the heat loss and heat difference were calculated according to the 
energy balance equation. This equation was determined from the process dynamics, modelling, and 
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control book [6]. The heat loss and difference in heat of cold water and hot water will result in the heat 
transfer area of the heat exchanger. The equation of the energy balance is shown in Equation 1.  
𝑄 = 𝑚. 𝐶𝑝. 𝑑𝑇 
Equation 1: Energy equation [6] 
Where Q, m, Cp, dT are heat flows, total mass, specific heat capacity, and temperature difference 
respectively. 
 
3.1.2 Testing the Temperature Sensor 
The temperature sensors attached on the heat exchanger are the main sensor to investigate the cooling 
water usage. Four RTD sensors are attached at the module and all of them were undergone calibration 
test. The test of calibration was done by each stream in heat exchanger. The first test was at the cold 
water stream. While the hot water has been shut off to not flow any water inside the heat exchanger, 
the cold water in return flows into the heat exchanger stream.  
 
Calibration was done by checking the five step point of operation. The temperature sensor was 
calibrated by response to the valve opening. The responses of five point valve opening were compared 
with the thermometer reading. From this reading the heat transfer area was calculated to get the result 
from the difference of valve opening. The heat transfer area was calculated by using the heat equation 
as stated in Equation 2. 
 
𝑄 = 𝑈𝐴𝑑𝑇 
Equation 2: heat equation [6] 
 
Where Q, U, A, dT are heat flows, heat transfer coefficient, heat transfer area, and temperature 
difference respectively. 
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The test calibration was continued to the hot stream to ensure that the hot water was working as in 
theory. While the cold water was shut off to let the flow of hot water in, the measurements were taken 
at the inlet and outlet of heat exchanger. The reading was not only taken from the I/O connected to the 
control panel but the reading from thermometer was taken too. These two measurements were taken 
into consideration because the reading at the LV was not tallied with the actual reading at thermometer. 
 
The next setup for calibrating the sensor was to flow in the two streams into the heat exchanger at the 
same time. While these two streams flow in the module, the difference in heat can be experienced 
whereby the heat transfer occurred at the output of each stream. From this reading the measurements 
were recorded and analysed but the readings did not tally to the reference temperature. The 
thermometer was used as reference temperature to be compared with the temperature sensor. This is 
due to the basic thermometer being the correct measurement reference because there is no electrical 
attached onto it and it should not have any failure in measuring the temperature. 
  
3.1.3 Valve Opening Stroke 
As mentioned earlier in the process investigation section, the valve was also undergone a calibration 
test. FCV received the signal from the control panel as an input in current form. The LV program was set 
to inject the current from 4 to 20 mA signal to test the valve stroke. The current inject was transformed 
into percentage value at the LV program. This transformation could give a good understanding to relate 
and compare the valve opening stroke. 
 
The test was started by injecting the signal at 20% to the cold water valve. The measurement at the flow 
rate and the temperature at the inlet stream were recorded. The stroke was checked physically by 
measuring the stem travelling at the FCV from top to bottom. The signal was injected continuously to 
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40%, 60%, 80%, and 100%. Each and every signal gives the different flow rate at the water stream. The 
flow rate was not only recorded by the LV program but the measuring flask (2L capacity) has been used 
to measure the flow respect to time in every minute.   
 
3.2 Software to Monitor the Process 
The LV program provided in the ICE lab is a useful tool to monitor and control this project investigation. 
The program is user friendly and can be created to any specific need. The controller methodology such 
as P, PI, and Cascade controller can be applied to the system by designing the user interface in the LV 
program. The LV program consists of two diagrams, which are front and back panel diagram. The details 
on these two different diagrams will be explained later. 
 
LV is generally used to communicate with hardware such as data acquisition, instrument control, and 
industrial automation. Rapid advances in software/hardware technologies and virtualizations of 
instruments have led to its becoming an integral part of many control strategies. LV provides a graphical 
programming environment against the more complex and time consuming text-code based 
programming. The simulations and response generation of all the systems discussed in this work have 
been done using LV. 
 
The LV program can store data to excel file for further investigate. The write up to spreadsheet function 
provided in the program allows users to connect all data into one spreadsheet [2]. This function was 
applied to the program so that every testing data is recorded.  
 
The basic experiment template for programming the system has been used in this thesis. The program 
consists of basic analog and digital I/O to connect the control panel with instruments on the module. 
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The layout of the basic structure program can be seen in Figure 11. The basic connection for the real 
time data was also provided, which is very helpful to run this investigation testing. 
 
Figure 11: Basic Experiment Template in LV Program 
 
3.2.1 Front Panel 
In this panel, all of the instruments used to control the system will be displayed. The setting and control 
could be changed directly on this panel. Figure 12 is the front panel view after the modification made to 
the basic experiment template. The program was changed and organizes to meet the investigation 
requirement. The first switch at the top is the switch to store the data into the spreadsheet. Next, the 
analog turning knob was placed beside the data log switch, where the control part for the MV such as 
the cold and hot water control valve are located. The temperature sensor was placed at the right side of 
the graph so that it can be easily monitored during the operation.  
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Figure 12: Modified Program Template 
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3.2.2 Block Diagram 
Figure 13 shows the block diagram of the program that has been used on the front panel before. Here is the support connection for the all instruments where 
the formula and arrangement of how the instruments should work have to be made in here. As can be seen on Figure 13, the connection of analog input is 
connected to the block of turning knob. This connection will control the valve opening percentage at the module on hanging rack.  
 
Figure 13: Back Panel Diagram of the Investigation Process 
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3.2.3 Matlab Software Generation 
Ident function in matlab was used for this thesis investigation. The Ident function was used to find the 
best control parameters for the control loop. The Ident tool is useful when the output data from a step 
input have been achieved. The data that was stepped using LV program was recorded in the excel 
software and from that data the Ident will use it to find the suitable control parameters to be used as 
control methodology. Figure 14 shows the data for the control parameters achieved by Ident tool. It can 
be seen that the gain for this data equation is 0.52616 and the  𝜏𝑖  is 68.787.  
 
Figure 14: Example of Using Ident Matlab Software 
4 Implementation and Commissioning  
In this section, the final objective will be covered and explained. Design and implementation of this 
cooling water investigation will be towards the end of the section. The control loop was designed 
according to the concept of feedback control system and multi-loop SISO and it will be discussed more 
on this section. This section is broken down in two subsections, and designing the control loop will be 
explained first. Next, the report will continue with the following subsection which is implementation and 
commissioning.  
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4.1 Designing the Control Loop Program 
In order to successfully create the control loop in one of the process investigation, the elements used for 
manipulating, controlling, and monitoring need to be specified. Table 2 shows the elements that are 
involved in this control loop. This arrangement was decided based on the objective of this thesis, 
whereby the hot outlet stream could be controlled either to increase or decrease the temperature.  
Table 2: Elements Selection for Feedback Control 
Elements Description 
Final Control Element (MV) Cold Water FCV 
Process Variable (PV) Hot Outlet Temperature 
Measuring Elements Hot Outlet Temperature Sensor RTD 
 
The LV program as specified previously in Figure 15 was designed to be user friendly. Any user can use 
the program to run the system with only one review from this document report. To start the program, 
all pumps and control valve must be checked whether it is operating when any signal is sent to them. 
Once the test had been checked, the program has to be logged in all the required data specifications. 
This feature could be enabled by triggering the data log Boolean on the top left on the front panel layout 
as shown in Figure 17. 
 
Figure 15: Data Loggin Switch 
While the cold water FCV used for manipulation in the system, the hot water FCV opens at fixed 20%. 
This is to create a constant supply of hot water to the stream. Besides that, the hot water FCV is acted as 
disturbance to the process. Sudden change of the constant hot flow rate could affect the cold water FCV 
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to react and maintain the hot outlet temperature. In LV program the hot water FCV is connected to the 
Analog output, AO-02. This connection is then connected from control panel to the FCV. The hot water 
FCV opening percentage could be adjusted by changing the slider knob on the title of Analog Output 2.  
 
The same design applied to the cold water FCV under the title Analog Output 1, on the front panel 
layout LV program. The only difference in this slider is that there is additional option to switch on the 
auto/manual controller. This option is for the control loop methodology to take place to control 
automatically using the feedback control strategy. Once this switch is on, there is no need to concern 
the valve opening anymore. The valve will be controlled by subtracting the process variable with the 
desired set point.  
 
The response from both hot and cold FCV opening resulted in temperature exchange in heat exchanger. 
The temperature sensors were connected to the Analog Input 2, 3, 4, and 8. Next, this analog input is 
presented on the front panel LV. The display of the temperature is in both graph chart and temperature 
slide. The blue slider thermometers represent the cold water temperature and the red slider 
thermometers represent the hot water temperature.  
 
Two waveform graphs were designed to monitor the temperature response. These two waveform 
graphs are positioned at the bottom of the layout in which the left side is for the cold water stream inlet 
and outlet, and on the right side is for the hot water stream inlet and outlet. The difference appeared in 
cold water stream can easily be monitored by viewing the left side of the waveform graph. The red line 
in the waveform graph is set for the inlet temperature and the green line is for the outlet temperature. 
The same arrangement was applied to the hot water waveform graph.  
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4.1.1 Methodology Approach 
Once the design of the virtual view in LV program is decided, the design for control loop will take place. 
The desired SP needs to be maintained by applying the feedback control method to the system. The 
feedback and complex control scheme, cascade control will be explained more in this section. 
 
The designation of the control methodology is set at cooling water system using different controller. P, 
PI, and Cascade controller were designed in LV program. All controllers were designed based on the 
literature review from the conventional feedback controller design [6]. In this conventional design the 
values for the controller parameters can be determined. Therefore, the optimum response from the 
controller could be achieved by modifying the closed-loop system behaviour. Based on the literature 
review, the basic concept of the controllers used in this thesis is broken down into two parts, which are 
feedback and complex control methodologies. 
 




















Figure 16 : Feedback Strategy Block Diagram [6] 
The feedback controller is used in many systems as it is the standard feedback system to any specific 
process, controller type, sensor or final element in any process condition. Figure 16 shows the feedback 
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block diagram for the combined unit to a system strategy. Feedback loop controls the commands to the 
process by using the final control element as the action. The error from the difference in process 
variable and set point value are used to give the response for the final element. This error value is 
calculated mathematically in different controller type to give response and value for the final control 
element.  The controller types are discussed below. 
 
4.1.2.1 Controller Types 
Several control structure are available to achieve the control system strategy requirements. There are P, 
PI, PD, and PID controller schemes that can be implemented to achieve the goal. P controller is gain only 
controller where the parameter used to correct the process variable is one and only K. The equation of 
this controller is as below; 
𝑝(𝑡) =  𝐾𝑐 ∗ 𝑒(𝑡) + 𝑃𝑠 
Equation 3 : Gain only [6] 
Where e(t) is the error from the process variable. When taking the laplace transform to this equation, it 
becomes; 
𝑐(𝑠) =   𝐾𝑐 ∗ 𝑒(𝑠) 
Equation 4 : Laplace of Gain only [6] 
Lead the command signal directly proportional to the process variable error.  This controller type will 
accelerate the system response but leaves the nonzero steady state offset to the system. 
The nonzero offset can be eliminated by introducing the PI control type where two parameters will be 
used, which are gain, K, and integral time, I. the laplace equation for this controller is; 




Equation 5 : Laplace of PI only [6] 
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Where Tau I is integral time divided error over time to get the fast response and eliminate offset. 
However, the system response is more oscillatory and tends to instability when the gain, K increases. 
 
Figure 17: The Process Transfer Function generated from Ident 
In this thesis, the PI type has been used in the process investigation. The parameters for the PI controller 
were defined by finding the ultimate gain from the approximate model using the Ident features in 
matlab as specified in Figure 17. The parameters then were calculated in the Ziegler-Nicholas 
Approximate Model Controller Tuning Rules [6]. 
 
4.1.3 Cascade Controller 
In complex control there are several methods that could be used such as cascade, feedforward, and 
ratio control. All of these controllers are worked to the process with significant disturbances. The 
cascade control is the control that is applied to this process investigation. The explanation on its 
operation will be presented below and the structure of the control is shown in Figure 28. 
































Figure 18: Cascade Block Diagram [6] 
Cascade is the most common form of multiple variable controls and it is also referred as multiloop single 
input single output control system. In cascade control, the controller manipulates the set point of 
another controller rather than a final control element. 
 
The main process has only the single output, which is y and it needs to be controlled by the input from 
the first controller Gc1. However this input is a significant disturbance to the second controller Gc2 [6]. 
To implement the cascade controller the secondary loop was worked first to adjust the input from the 
Gc1 by using its final control element. As in this thesis, the cold water FCV will get a signal from the flow 
meter sensor. This is the secondary loop that will be worked first before the hot outlet temperature 
taken into place at Gc1 controller.  
 
The 𝐾𝑐 for inner loop and 𝐾𝑐 and 𝜏𝑖 for outer loop were determined by trial and error of the value 
inserted for these parameters. Nevertheless, the value of 𝐾𝑐 for inner loop must be higher than the  
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𝐾𝑐 for outer loop because the inner loop must respond much more quickly than the outer loop in order 
to allow u to be regulated before it disturbs the entire process. Therefore, the inner loop is tuned as 
high proportional gain value as feasible for the system to give a fast inner loop response required for 
effective cascade control and then continued with tuning the outer loop while the inner loop is 
operational. 
 
4.2 Task Overview 
In making the investigation process to be reliable, the task to run the process is split into two tasks. 
These two tasks are important in the process because the controller gets the results from these tasks. 
The tasks include implementing the process and testing the investigation process. These two tasks will 
be discussed more on the following subsection.  
 
4.2.1 Implementation of the Process 
The process of testing and investigating the cold water supply was carried out by applying the 
conventional controller. The PI controller was chosen to be the control loop methodology.  PI controller 
has been chosen, as it is the most reliable controller to be used. From the literature review and a few 
experiments that have been done in this investigation thesis, several arrangement of controller type 
have been used. The result shows that the PI controller shows a good response compared to the other 
controllers. Moreover, by using PI controller the offsets of the system could be eliminated but the 
system tends to be oscillatory. 
 
The PI controller has been applied to the system but the configuration of its parameters such as the 
proportional gain, P and integral time, Tau I need to be specified. The parameters have been calculated 
by applying one of the tuning methods available in Process Dynamic book [6]. To name a few methods 
of controller tuning such as controller tuning with fundamental process, tuning with approximate 
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process models, and auto tuning with relay. These controller tuning is use to specify a suitable 
parameter for the controller in LV program. The basic operation and fundamental from these three 
methods of tuning will be briefly explained in this section. 
 
Tuning with fundamental process is the method that can be applied if the fundamental process model is 
available. However in this investigation process, the process model is not available, so approximate 
model will be the choice for this thesis. To briefly understand how the fundamental will be worked if this 
investigation process model has been known, the good thing with the available fundamental process is 
that the process will be shifted to the verge of instability by simulation or direct substitution method. 
From the verge of instability, the ultimate gain and period could be determined. Then, from these 
ultimate gain and period the Ziegler-Nichols Stability Margin Controller Tuning Parameters as shown in 
Table 3, are used in calculating the 𝐾𝑐 , 𝜏𝑖 and 𝜏𝑑 . 
 
Table 3: Ziegler-Nichols Stability Margin Controller Tuning Parameters [6] 
Controller Type 𝐾𝑐 𝜏𝑖 𝜏𝑑 
P 0.5 𝐾𝑐𝑢 - - 











Tuning with approximate model is the first choice for this thesis. The process was developed from the 
Ident tools as mentioned earlier. Constructing approximate model for the purpose of feedback control 
strategy required only very rough estimation related to the small number of parameters in a simple 
model [6]. To obtain the approximate model, an open-loop process setup needs to be constructed first. 
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A step at the input without applying any controller yet will give a response to the output, and because of 
the open-loop setup the response will record with the time. This response is called process reaction 
curve [6].  
 
From the reaction curve data recorded, the data will be transferred into the Ident tools. In Ident as seen 
in Figure 14, the data could be estimated to develop the process model by using the system 
identification tool. Before the process could approximate, the data needs to be stored in the Ident 
storage and this could be done by using the import data window as shown in the Figure 19.  
 
In the import data window, the time-domain signal was used as the data format for signals. Once the 
data has been stored in the Ident tools, the process could be estimated by using the process model 
transfer function window. In this window, the number of poles and zero could be predetermined to get 
the best result. The best fit result, which is close to the 100% is the most approximate model developed. 
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Figure 19: Example of Using Ident Tools in Matlab to Approximate Process Model 
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It must be taken into consideration that this approximation model is based on the response from the 
combined dynamics of the process, the measuring device, and final control element associated to the 
process setup. As for this investigation process, the process approximation has several other elements 
such as the cold water FCV, temperature sensor, and the process model itself. From the approximate 
process model parameters such as  𝐾 , 𝜏 and𝛼, the tuning rules from the Cohen – Coon state that the 
models with 0.1<  
𝛼
𝜏
  <1.0 need to meet in order to use the Ziegler – Nichols tuning as in Table 4.  
 
Using the parameter from approximate process model, the calculations for controller parameters were 
obtained by referring to the Table 4. Since PI controller has been decided to be the working controller in 
this process investigation, the control parameters that will be used in the LV program controller are 
𝐾𝑐 = 4.440 and𝜏𝑖 = 88.245. 
Table 4: Ziegler - Nichols Approximate Model PID Tuning Rules [6] 























Auto tuning with relay controller is a simple method of on and off application and the block diagram can 
be seen in Figure 20. It can be developed easily by using high value of proportional gain controller. The 
example of the close loop response is shown in Figure 16. By using this approach the determination of 
the essential stability of closed loop system could be done with only one experiment with low-amplitude 
inputs (magnitude h) and outputs (magnitude A) [6].  
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The easiest and fastest way to do tuning for the controller is by using Auto Tuning" with Relay 
Controller. This method is normally used for processes that use distributed control system. In 
distributed control system, the relays controllers are provided in the distributed control system software 
[6]. Some of the vendor also provide smart auto tuning card for their controllers. Figure 20 is an example 











Figure 20: Auto Tuning with Relay Controller Block Diagram 
 
Figure 21: Closed-loop Response with Relay Controller [6] 
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From Figure 21, the ultimate period Pu can be measured and ultimate proportional controller was given 
while control amplitude h and output amplitude can be measured and calculated. By using equation 6, 





Equation 6 : Ultimate Gain for Controller [6] 
In this investigation process, the controller parameters were gained from the approximate model. The 
experiment from the auto tuning relay has been done but the parameters were not carried out since it 
acts as a backup if the approximate model does not work to the system. 
 
4.2.2 Testing the System  
To complete the process of the investigation, the system has to be checked the connection and 
functionality between the LV program and module instruments. The process investigation was tested by 
applying the controller to the LV program. Instruments have been checked and connected to its I/O 
control panel. The connections from the LV program to the instruments have been connected. From this 
setup the response on the LV program shows the value of the actual reading on the module instruments 
and sensors.  
 
The controller response was tested by applying the hot water FCV to open at constant flow rate. It is 
observed that the flow control valve was connected as final control element and it operates as it should 
be by allowing more cold water to flow into the heat exchanger to cool down the hot water stream. 
Otherwise if the water is too cold, the cold water valve will shut off to let more hot water come into the 
exchanger.  
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The refrigerator was connected and run to control the system but there were some issues coming in 
regarding the refrigerator not cold enough to cool down the temperature. The literature review was 
carried out to investigate the problem. It is expected the problem occurred because of the circulating 
coolants which use fluorocarbon were not replaced for a long time [9]. Another issue expected that 
affects the cooling medium is the capacity of the refrigerator is not enough to cool down the cold water 
in the reservoir.  
 
5 Result and Discussion 
In this discussion section, several issues are explained regarding the difficulties appeared during the 
start up for this project. The outcome and result from the controllers are pointed out by comparison 
their performance criteria. 
 
5.1 Temperature Difference 
During the calibration of the temperature sensors the value was not exactly the same as the 
measurement using the thermometer. The thermometer measurement was recorded by directly 
attached it to the water. For an example of the water point that been measured are inside the hot and 
cold water reservoir tank, the output stream from the heat exchanger including both hot and cold water 
flow, and the temperature of water bath inside the refrigerator.  
 
The inlet temperature sensor at the heat exchanger was compared with the measurement inside the 
water reservoir tank. In addition, the outlet temperature sensor at the heat exchanger was compared 
with the measurement at the output stream from heat exchanger, which is at the drain water point. The 
comparison between these measurements is shown in the Table 5.  
 
43 | P a g e  
 
Table 5: Comparison between temperature reading and measurement 
Reading from the sensor  
Arrangement 
Temperature (⁰C) 
Cold In Cold Out Hot In Hot Out 
Counter current 16.5 31.5 73.5 51.7 
Co-current 17.2 25.9 72.8 48.5 
Measurement using thermometer 
Counter current 17 31 77.1 47.2 
Co-current 18 32.5 73.4 48 
 
The reading on the temperature shows that it is far away from the actual thermometer reading. As can 
be seen at the inlet cold water point, the temperature sensor shows a 0.5degree Celsius difference. 
Apart from that, at the outlet of hot water point, the temperature sensor reading gives a 4.5 degree 
Celsius difference. These differences may have caused by the travelling point from the reservoir tank to 
the FCV, then to the heat exchanger. It is expected to get that kind of result because the point of 
measurement taken was different between thermocouple and the temperature sensors.  
 
The action has been carried out to investigate why the reading from LV program and the measurement 
taken are different. The procedure to overcome this difference was tested to a different inlet and outlet 
connection. The arrangement of the inlet and outlet at heat exchanger was changed and a few tests 
were constructed. The readings of all the measurements were recorded and can be seen in Table 6. 
From the table, the readings of this second test are about the same as the first one. The same 
assumption was made that the travelling point are the factor of this differences.  
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Table 6: Redo comparison between temperature reading and measurement 
Reading from the sensor  
Arrangement 
Temperature (⁰C) 
Cold In Cold Out Hot In Hot Out 
Counter current 14 33 70.9 51.7 
Co-current 13.8 31.9 68.4 48.5 
Measurement using thermometer 
Counter current 15 34 76 53 
Co-current 15 33 77 51 
 
However this temperature reading differences does affect the process flow. In LV program, the 
temperature sensor reading can be shifted and changed respective to the measurements that taken 
using the thermocouple. The LV program was set up to add a constant number at the temperature 
sensor so that the reading will be executed correctly according to the actual reading.  
 
5.2 Equipment Testing Result 
Once the measurements are recorded and analysed, the arrangement of water inlet and outlet were 
changed to find the relation to the temperature response. As can be seen in the Table 7, there are a few 
set of arrangements made to the heat exchanger inlet. The input and output of those two streams do 
affect water flow in the tube but the temperature measurements do not much difference. Table 7 
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Table 7: The Measurement of Different Inlet and Outlet Arrangement 
Arrangement 
Temperature (⁰C) 
Cold In Cold Out Hot In Hot Out 
1 16.5 31.5 53.2 51.7 
2 17.2 25.9 52.8 48.5 
3 17.5 22.9 76.4 31.4 
4 12 34.3 75.6 29.5 
5 12.1 18.8 77.1 40.2 
6 12.2 23.1 53.4 51.2 
7 11 33 50.9 47.9 
8 11.4 21.3 68.4 34.2 
 
Once the arrangement (number 4) has been choose, based on the biggest heat transfer was clearly 
observed and the arrangement was in counter current, the measurements for the water stream were 
rechecked again using the LV software monitoring. The measurements need to be compared to the 
thermocouple as the single water stream was tested previously. From the comparison, the reading still 
shows differently, in which the reading for hot water inlet at the LV software is lower than actual 
reading. Since then, the LV program was used to switch the sensor reading by adding a numbers to the 
sensor. 
 
The temperature reading at heat exchanger was recorded into the LV program. The data was 
transferred to Excel file for further analysis. From the result of the test as shown in Figure 22, it is 
deduced that the tube heat exchanger in the ICE lab does not affect by any co-current or counter 
current effect. Assumption made that there is leak inside the tubular heat exchanger where the heat 
transfer could not be fully working. 
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Figure 22: Result on Current Flow Test on Arrangement 4 
 
The result for the valve stroke test is presented in the Figure 23. The hysteresis of the valve opening is 
not big and it is suitable to be used in this thesis investigation. However the result on the red valve was 
not as good as the green valve due to the positioner element attached to the control valve. Hence, that 
red valve will be positioned to connect at the hot water stream since the hot water does not use any 
controller in its loop. The hot water stream was set to only flow in constant flow rate to the heat 
exchanger. The selection of that red valve is good enough to conduct constant water into its stream. The 





























Result on the Arrangement of Current Flow 
Cold
Hot
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Figure 23: Control Valve Opening Characteristic (green valve) 
 
The result of flow rate that is measured by the measuring flask (2L capacity) was used as a calculation to 
the heat transfer coefficient. The energy equation as stated in the process investigation requires the 
flow rate of both cold and hot water stream. Using this stroke valve opening, testing the flow rate 
measurement could be achieved and used in the calculation.  
 
Next, the individual stream in heat exchanger was tested out to see the temperature difference at the 
inlet and outlet. One stream was shut while the other stream was open so that only one fluid type could 
flow through the heat exchanger at a time. The results for the temperature are shown as in Figure 24. 
y = -23.438x4 + 116.88x3 - 167.81x2 + 96.575x - 6.9 
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Cold Water Stream Testing
 
Figure 24: Cold Water Stream Testing 
 
As can be seen in Figure 24, the result shows that the cold stream alone manage to have a constant 
reading in temperature when there is not heat transfer appeared. This is important to test because the 
constant temperature need to be flow in the heat exchanger so that the heat transfer could be happen 
to manipulate the hot outlet temperature. The test was continued to apply at the hot water stream and 
it can be seen in Figure 25. 
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Hot Water Stream Testing
 
Figure 25: Hot Water Stream Testing 
Same goes to the hot water stream, the temperature managed to fix at a constant value in the heat 
exchanger without any interruption.  
 
The process was undergone the open loop test to checked that the valve was operate and managed to 
regulate the hot outlet temperature. The result for the open loop on counter current arrangement is 
shown in Figure 26. 
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Figure 26: Open Loop Testing 
 
In Figure 26, it shows that the temperature was constant at their certain value at both inlet and outlet 
point. For an example the hot inlet stream temperature was maintained at the average 50 degree 
Celsius and the cold water inlet at 30 degree Celsius. The response on each stream changed when the 
valve opening of cold water valve been open at different percentage. The cold water inlet opens at 25%, 
50% and 100%. It’s a good way to see that the hot water outlet was managed to cool down by the action 
of cold water stream. However, there is some error reading at the beginning of the temperature 
recorded where the value was not all at the room temperature. That was because of the temperature 
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5.3 Heat Transfer Coefficient 
In heat exchanger calculation the method of log mean temperature was used to find the heat transfer 
coefficient. The log mean temperature difference (LMTD) is derived in all basic heat transfer texts. It 
may be written for a parallel flow or counter-current flow arrangement. The LMTD has the form: 
 
Equation 7: Log mean calculation rule 
 
∆T1 and ∆T2 represent the temperature difference at each end of the heat exchanger, whether parallel 
flow or counterflow. The LMTD expression assumes that the overall heat transfer coefficient is constant 
along the entire flow length of the heat exchanger. If it is not, then an incremental analysis of the heat 
exchanger is required. 
The LMTD method is also applicable to crossflow arrangements when used with the crossflow correction 
factor. The heat transfer rate for a crossflow heat exchanger may be written as: 
 
Q = F*U*A*∆TLMTD 
Equation 8: Heat coefficient using log mean calculation 
 
The factor F is a correction factor, and the log mean temperature difference is based upon the 
counterflow heat exchanger arrangement. The LMTD method assumes that both inlet and outlet 
temperatures are known. When this is not the case, the solution to a heat exchanger problem becomes 
somewhat tedious. An alternate method based upon heat exchanger effectiveness is more appropriate 
for this type of analysis. If ∆T1 = ∆T2 = ∆T, then the expression for the LMTD reduced simply to ∆T [8]. 
The log mean temperature for this investigation process was calculated according to the equation 7 as 
mentioned earlier. The reading of the inlet and outlet temperature sensors were recorded and used to 
calculate the ∆TLMTD. The readings of each sensor is specified as the following point: 
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- Cold Inlet  = 16.5 ⁰C 
- Cold Outlet = 25.9 ⁰C 
- Hot Inlet = 76.4 ⁰C 
- Hot Outlet = 31.4 ⁰C 
- ∆TLMTD = 29.17 ⁰C 
- Qloss = 1.214 kW 
- Qcold = 0.319 kW 
- Qhot = 1.533 kW 
- U = 60 W 
The overall heat transfer coefficient in this heat exchanger is 60W. The calculation made based on the 
experiment conducted as mentioned before. The calculated method is shown and explained more in the 
appendices 10.4.  
 
5.4 Single Input Single Output Control Strategy 
In this process investigation the method of single input and single output arrangement was used. The 
cold water inlet is acted as the input and the hot water outlet is set to be acted as the output from the 
process. This arrangement can be reviewed again on the earlier discussion at Section 3.1, Process 
Hardware Setup and Testing. 
 
Using this arrangement, two controllers have been applied to the system which is PI and Cascade 
controller. Both controllers been tested and the performances of each controller were analysed by the 
following criteria: 
 Set point tracking  
The set point for the hot outlet stream was set at 40 degree Celsius. The response on the PI controller 
for the desired hot outlet stream can be seen in Table 5. Other than that, Table 6 shows the summary of 
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the PV response from Cascade controller. The explanation on PI controller response will be describe first 
and continued by the Cascade controller later. This table reading will be used for comparison and 
discussion on how the set point tracks its desired set point. Apart from that, the PV response will be 
evaluated if it achieves the performance criteria that have been set. The performance criteria that will 
be taken into consideration of specific mathematical criteria are steady-state criteria and minimum 
settling time. 
Table 8: PI controller response 
 
The cold water stream will try to compensate to open and close the valve as much as possible to cool 
down the hot water stream by using two controllers available. The process response from the PI 
controller as specified in Table # shows that the PV could be controlled perfectly. Even with the offset 
occurred during the steady state period, the performance criterion on the steady-state was achieved. 
The desired set point was achieved the settling time in 8.6 minutes.  
 
The process was stepped down to 30 degree Celsius and the response of PV shows it is tracking to the 
next desired set point. However, the offset getting smaller than before and it is believed that the reason 




SP Cold In Cold Out Hot In Hot Out 
40 16.6 25.5 77.6 37 
30 17.2 21.2 75.5 31.8 
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Table 9: Cascade controller response 
 
The process was continued to test by using the Cascade controller to see the PV response. The cascade 
controller response shows that the PV was able to follow the desired SP, 50 degree Celsius. However, 
the hot outlet PV still shows an offset at the steady-state region but it is much smaller than the PI 
controller.  
 
Then, the SP was stepped down from 50 to 40 degree Celsius. During the cascade controller on 
operation, the PV response to try tracking the new desired SP. This time, the offset does appear at the 
steady-state region but the value was smaller as compared to the PI controller. The tuning of the 
controller was expected as the factor of the offset appeared. The tuning was done as specified in the 
Process Dynamic Modelling book [6]; however the tuning on the secondary loop was not fast enough to 
compensate the behaviour of the PV response. Besides that, the settling time for the cascade controller 
shows it settle in a good period at 3.9 minutes. 
 
Another factor that can be related to the offset behaviour is the temperature sensor. As mentioned 
earlier in Section 5.1 regarding temperature difference, the reading was not tallied to the actual 
measurement taken from the thermometer.  
 
Temperature (⁰C) 
SP Cold In Cold Out Hot In Hot Out 
50 16.2 29.2 78 48.9 
40 16.9 25.9 77 41.5 
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6 Conclusion 
This section provides the work and effort that have been done since the commencement of this thesis. 
The objectives are reviewed again and the achievements are presented.  
Since the commencement of the project, the research on the refrigerator unit and the heat transfer 
process have been conducted. The research provided an idea on how to operate the stand-alone 
refrigerator into the system. The refrigerator required an understanding on the principle of operation in 
order to run the unit with the modular form available in ICE lab. The modular form of instruments that is 
provided in the lab is handy to construct a system.  Furthermore, the heat exchanger module that is 
available in the ICE lab is a useful instrument to understand the heat transfer concept. The first task 
conducted in this project was checking the functionality of all instruments especially the stand-alone 
refrigerator. When the first task was achieved, the process investigation system was developed. This 
setup has helped in ensuring the project flow smoothly.  
 
The next step that had been applied was defining the hardware and software used in this thesis. In order 
to get a good cooling water supply to the ICE lab facility, the hardware such as instruments and 
equipment, the software program used such as Matlab and LV virtual data interface were conducted to 
the optimum performance. New instrument that has never been used before, which is refrigerator was 
introduced into the ICE lab facility. This instrument was applied and connected to the system. The 
program of monitoring and controlling using the LV virtual data was developed. This program helped the 
user to easily understand the temperature behaviour in heat exchanger. Matlab software was briefly 
explained on how to develop approximate model process. The software was very useful in calculating 
the ultimate gain, K and the ultimate period, Pu. 
 
The controller design and tuning parameters was constructed to be working with the program in LV 
virtual data interface. The controller was developed according to the objective proposed. The tuning 
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method was applied using the approximate model process that developed using the Ident tools in 
matlab program. The tested process brought a response curve and the data was stored in excel file by 
using the write up to spreadsheet data in LV program. The data was used as a comparison and 
performance evaluation related to the controller that was used. Two different controllers were 
evaluated and each controller has their own advantage and disadvantage. More important part is that 
the hot outlet stream could be controlled by both feedback PI controller and complex cascade 
controller. The development of control methodology in the LV program could help future students to 
implement more advanced control scheme. 
 
Overall document have been updated and discussed. The program to continue the process to another 
set of module test or using the advance control scheme was provided as a starter kit in the document. 
Upon the entire revised objective goal, most of them was achieved with the discussion and presented 
result. Ideally the first goal to implement the test to more than one module instrument was not 
achieved due to the lack of knowledge on modification to the test module instruments, which is a mixer. 
The program for implementing the control loop to the mixer has been completed but the program was 
not executed and tested. Apart from the view of the project, this thesis was a great opportunity to gain 
knowledge on specific task especially the control tuning and the implementation of the controller. The 
knowledge gain and working independently was a valuable experience to personal achievements.  
 
7 Future Work 
In this section, the further works that can contribute to develop and improve the Instrument Control 
facility are pointed out. There are further works that need to be done to overcome the problem 
occurred in this thesis and to complete the process of supplying cold water usage to the ICE lab. The 
points and works related to the ICE lab improvement will be explained and discussed more in the next 
sections.  
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7.1 Suggestion for Future  
This thesis has commenced with an idea to provide a new system to the ICE lab users. Large researches 
on how to complete the objective are available and can be continued for further direction under serious 
consideration. New project can be created to study and learn how the temperature behaviour works in 
lab scale. This knowledge can be compared with the industrial scale for further teaching method. 
 
Future upgrades for this thesis are needed in order to have a complete working and reliable cold water 
supply system. There are more options and potential improvement that can be applied to the existing 
cold water usage. The availability of cold water usage in the ICE lab will help students to gain knowledge 
theoretically and practically on temperature behaviour to the system. Part of the objective in this thesis 
could not be completed due to the difficulties with physical hardware arrangement. The following 
section will cover the suggestions of future work that are related to the completion of this investigation.  
 
7.1.1 Recalibrate the Temperature Sensor 
Temperature sensors attached on heat exchanger module have been used for a certain period. There is 
maintenance aspect that could be applied to the sensors. Regularly monitoring the program and 
maintaining the accuracy of the sensor could be done in every semester teaching period. The calibration 
of the sensors with the reference temperature should be carried out rather than calibrating it using the 
LV program. It is believed that with an accurate temperature sensor, a better performance from the 
controller could be achieved.  
 
7.1.2 Service and Maintenance the Refrigerator 
This old model of refrigerator has not been used for quite some time. The operation manual for the 
equipments is available only in German language, and it is hard to be worked on. The maintenance to 
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run the refrigerator at its full performance would be beneficial to the students to fully utilise the cold 
water usage. The refrigerant liquid should take into consideration so that the cooling process would do 
perfectly. The liquid could be recycled or changed once it is not good enough to cool down the external 
water temperature. 
 
The research on electrical connection could be further improved. In addition, the built-in PID controller 
could be modified so that it can become available to use the LV program controller to control the 
refrigerator cooling process. A simple operation manual for the refrigerator needs to be documented 
and it is useful for further development project. Using the new documented refrigerator, any related 
application or process can be created easily by referring to the new operation manual. 
 
7.1.3 Setup Demonstration Program 
The demonstration program with full auto features on this investigation process would give a good 
understanding on how the process works. The demonstration on the control loop running on a system 
with fully automated could be achieved by finding the best tuning parameters first. The LV program on 
this process have been developed using the basic understanding. However, the program still needs to be 
upgraded for further work as the basic operation without any advanced control loop has not been 
created yet. 
 
7.1.4 Setup Advance Control Schemes 
This investigation was done in the control loop test by using the conventional feedback and complex 
control scheme. This control loop is one of the most important measurements to the cooling water 
usage. The performance criteria could be analysed by using different control methodology. Advanced 
control scheme could be implemented to see any difference on the performance. The cooling water 
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usage could be maximised by using a new hardware configuration and good advanced control schemes 
such as GMC controller, IMC controller, and multivariable controller onto more module instruments. 
 
The first idea to run and test the control loop to more than one module in the ICE lab was not achieved 
due to the lack of information on fittings and connection at the mixer module. The mixer module in ICE 
lab is available to use, but to some extent the connection of the inlet and outlet of the mixer tank tends 
to let the water to always overflow from its tank. As proposed to apply for future work, this mixer could 
be used as a test system. The response from the mixer module could be used for comparison with other 
module that is available in the ICE lab. 
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Valve position was model from the calibration method in valve stroke opening. The polynomial equation 
was used in the formula node as Gv function be controlling as inner loop.
 
 










y = -23.438x4 + 116.88x3 - 167.81x2 + 96.575x - 6.9 































10.3 Controller Response  
PV response when the controller was implemented to the system. The input was managed to be set 






y = 4.5x2 + 9.3x + 1.368 


















































































































































10.4 Heat Transfer Calculation 
Calculation was made based on the counter current flow in heat exchanger. 
ΔT1   = T_Hot_In - T_Cold_Out 
       = 76.40 - 25.90 
       = 50.50 
 ΔT2   = T_Hot_Out - T_Cold_In 
       = 31.40 - 16.50 
       = 14.90 
LMTD = (ΔT1 - ΔT2) / ln(ΔT1/ΔT2) 
LMTD  = 29.17 
Finding heat transfer rate, heat loss, and overall heat transfer coefficient. 
Qloss = m.Cp.dT 
Qloss = 0.145 kg/s x 4.187 KJ/kg˚C x (47˚C - 45˚C) 
Qloss = 1.214 KJ/s 
 Qcold = m.Cp.dT 
 Qcold = 0.076 kg/s x 4.192 KJ/kg˚C x (20˚C - 19˚C) 
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Qtotal = m.Cp.dT 
Qtotal = 0.319 + 1.214 KJ/s 
Qtotal = 1.533 KJ/s 
 
Finding area and f factor 
A = πDL 
A = π x 0.0762m x 4.064m 
A = 0.973 m2 
 R=mass flowrate of hot water/mass flowrate of cold water 
 R=0.33/0.096 
 R=3.4 
P=(cold outlet – cold inlet) / (hot inlet – cold inlet) 
P=(22-21)/(47-21) = 0.217 
 
The chart for finding the f factor based on two pas tube side. 
F was chosen to be 0.9 
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The overall heat transfer is  
Q = U.A.ΔLMTd 
1.533 kW = U x 0.973 m2 x 29.17 ˚C x 0.9 
U = 0.06 kW/m2 ˚C or  
60 W/m2 ˚C 
